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Bimetallic catalysts are one of the main categories of metal catalysts due to the tunability of

electronic and geometric structures through alloying a second metal. The integration of a second

metal creates a vast number of possibilities for varying the surface structure and composition of

metal catalysts toward designing new catalysts. It is well acknowledged that the surface

composition, atomic arrangement, and electronic state of bimetallic catalysts could be different

from those before a chemical reaction or catalysis based on ex situ studies. Thanks to advances in

electron-based surface analytical techniques, the surface chemistry and structure of bimetallic

nanoparticles can be characterized under reaction conditions and during catalysis using ambient

pressure analytical techniques including ambient pressure XPS, ambient pressure STM, X-ray

absorption spectroscopy and others. These ambient pressure studies revealed various

restructurings in the composition and arrangement of atoms in the surface region of catalysts

under reaction conditions or during catalysis compared to that before reaction. These

restructurings are driven by thermodynamic and kinetic factors. The surface energy of the

constituent metals and adsorption energy of reactant molecules or dissociated species on a metal

component are two main factors from the point of view of thermodynamics. Correlations between

the authentic surface structure and chemistry of catalysts during catalysis and simultaneous

catalytic performance were built for understanding catalytic mechanisms of bimetallic catalysts

toward designing new catalysts with high activity, selectivity, and durability.

1. Introduction

The design of new catalysts is the main driving force in the critical

field of heterogeneous catalysis, which is the foundation of energy

conversion.1 Bimetallic materials are important catalysts due to

their numerous advantages.2–7 For example, composition (at large

scale), coordination environment of the metal atom (on the

atomic scale), and electronic state of the parent metal can be

tuned systematically due to the spectacular success in the synthesis

of bimetallic nanoparticles in the recent decade.8–13 As hetero-

geneous catalysis is performed on the surface of a catalyst, the

surface structure and chemistry of a bimetallic catalyst in term of

geometric and electronic structures of metal atoms on the surface

are the most important parameters which determine the catalytic

performance of a bimetallic catalyst.

It is well acknowledged that the differences in catalytic

behavior between bimetallic catalysts and monometallic catalysts

or between two bimetallic catalysts with different compositions

and structures result from two effects: electronic and geometric

effects. The electronic effect is also called the ligand effect since

the replacement of metal atoms A coordinating to a target

atom A by metal atoms B must vary the electronic structure of

the target atom A and thus modify the adsorption energy of a

reactant molecule on A. One example is the partial replacement

of Pd atoms coordinating to a target Pd atom with Zn atoms

formed from reduction of ZnO on the substrate which increases

the electron density in the 4d shell of Pd and thus increases the

back donation of electrons from the 4d shell to the anti-p bond

of CO and thus increases the binding of CO molecules on Pd,

which promotes the selectivity to the production of CO2 and H2

in methanol steam reforming.14,15 On the other hand, partial

replacement of metal atoms bonded to a parent atom A with

atoms B offer different binding configurations. Reactant mole-

cules or a dissociated species could favor or even require a

specific binding site (on-top site, bridge site, hollow site, or site

of monomer pair, etc.). Partial replacement of atom A with B

could offer a specific binding site which is favorable for one of

the reaction channels. Thus, selectivity to the product of this

channel can be promoted. One example is that a replacement of

Au atoms of Au(100) with Pd forms a specific site consisting of
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a pair of Pd monomers with a distance favorable for the

coupling of two critical surface species, acetate and ethylic

species to form vinyl acetate.16 This alloy catalyst significantly

promotes the production of vinyl acetate. However, in many cases

it is challenging to distinguish a change in electronic structure and

geometric effect since the formation of a geometrically favorable

binding site is accompanied by an electronic effect.

Similar to other chemical processes performed at the interface

of two phases, heterogeneous catalysis is always performed at an

interface of a solid catalyst and gaseous or liquid reactants

around it. However, reaction conditions for catalysis are typically

ambient or high temperatures of catalysts in an environment of

reactants at ambient or high pressure. In reactive or corrosive

environments (reactive gases or liquids, acidic solutions, etc.), the

surfaces of most materials are likely to restructure, adapting their

geometrical and electronic structures to the surroundings in

terms of gaseous or liquid reactants.5,17–28 Such changes in

surface structure and chemistry have profound effects on

the function of materials. In many cases, the structure and

composition of the material surface in the reactive (or corrosive)

environment in which it functions differ markedly than that in a

high vacuum environment (the operational environment of

most conventional electron-based analytical techniques such

as XPS, TEM, SEM. . .). This difference, generally termed as

a restructuring, has been demonstrated using ambient pressure

spectroscopy andmicroscopy techniques.18 The potential difference

in surface structure and chemistry of heterogeneous catalysts

between in situ and ex situ studies is the restructuring processes

in catalysis. In addition, the restructurings are performed

during other chemical processes of catalysis including pretreat-

ment, deactivation, poisoning etc.

A restructuring of a catalyst surface is very likely for

bimetallic catalysts. Surface chemistry and structure of catalysts

under reaction conditions (typically refers to a reactant gas) or

during catalysis (typically an appropriate gas mixture with certain

composition of a catalytic reaction) could be very different than

those in a clean environment (typically high vacuum or ultra-

high vacuum) at room temperature or lower temperatures.
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Although surface structure and chemistry of bimetallic catalysts

and the structure and chemistry of bulky bimetallic materials

have been well studied in the past decades,29 it is inappropriate

to simply extrapolate the insights obtained under high vacuum

at room temperature or lower to predict the surface structure

and chemistry of bimetallic catalysts under reaction conditions

or during catalysis. One potential difference is the behavior of

segregation. Although the difference in surface composition of a

metal A or B between the surface layer and bulk was reported

and termed segregation of bimetallic catalysts in ex situ

studies, typically observed upon annealing in UHV, a massive

restructuring under reaction conditions and during catalysis

was reported very recently by using a relatively new surface

analytical technique, synchrotron-based ambient pressure electron

spectroscopy.5,17–28

One of the obvious differences is the oxidation state of a metal

element A or B under reaction conditions or during catalysis in

contrast to that in high vacuum. These differences in surface

chemistry and structure are driven by a complicated interplay of

thermodynamic factors, such as surface energies of metals, binding

strengths of each metallic component with adsorbed atoms and

molecules, and the tendency of the constituent metal components

to form ordered alloy phases, and kinetic factors, mainly diffusion

barriers of metal atoms. In addition, the size of bimetallic

catalysts is also a factor in restructuring since the fraction of

atoms with low-coordination (such as atoms at step edges or

corners) is higher for smaller nanoparticles.

Studies of the surface structure of catalysts under reaction

conditions or during catalysis will reveal the evolution in

surface composition and structure of as-synthesized catalysts

to the actual surface composition during catalysis. Thus, a

direct correlation between actual surface composition and

catalytic performance (activity, selectivity, deactivation, and

poisoning effect) can be built. This correlation is the critical

insight for understanding catalysis, designing and optimizing

catalysts. To build such a correlation, the surface structure and

chemistry of bimetallic catalysts under reaction conditions or

during catalysis are the critical information.

In this article, we will review the restructuring of bimetallic

nanocatalysts during catalysis or under reaction conditions in

contrast to the surface structure and chemistry ex situ. It is

organized by first briefly introducing ambient pressure techniques

for studying surface structure and chemistry under reaction

conditions or during catalysis (Section 3), and then reviewing

restructuring of different bimetallic nanocatalysts (Section 4).

Understanding the driving forces of restructurings revealed under

reaction conditions or during catalysis is the central topic of this

review.

2. Synthesis and preparation of

bimetallic nanoparticles

For the purpose of fundamental studies of catalysis, bimetallic

nanocatalysts are synthesized with two quite differently methods:

wet chemistry and dry chemistry. In terms of wet chemistry,

reduction of two metal salts in a solution in a controllable

manner is the main approach. Due to the fabulous success in

the synthesis of metal nanomaterials in the past decades,8,30–34

various bimetallic nanomaterials (in most cases, nanoparticles)

can be synthesized with a wet chemistry protocol. Size, shape,

and composition can be well controlled. As that is beyond the

focus of this article, we will only briefly introduce it here.

Synthesis of bimetallic nanoparticles can be categorized into

(1) co-reduction (or co-decomposition) of two precursors, (2)

two-step reduction (or decomposition) of metallic precursors,

(3) electrochemical reduction of metallic precursors, and (4)

reduction of a double complex, and other methods.

In the first method, two precursors are mixed in a solvent,

typically an alcohol. Both of the two precursors are reduced or

decomposed in a pot and form bimetallic nanoparticles. A

polymer such as PVP is frequently used as a surface stabilizer.

In many cases, bimetallic nanoparticles of two noble metals

can be synthesized with this protocol. However, the protocol

could be quite different if one of the metals is a 3d metal such

as Cu, Ni, Co, etc. This is because the light transition metals

have lower redox potentials of the corresponding metal ions

in contrast to those of the noble metal ions and they can

be oxidized readily. To synthesize a bimetallic nanoparticle

consisting of a noble metal (Pt, Pd, Rh) and a light transition

metal, a glycol solvent such as ethylene glycol with a high boiling

point is necessary for refluxing the precursor at a high tempera-

ture. In many cases, glycol acts as a reducing agent as well.

In terms of the two-step reduction process, it is typically

used for the synthesis of bimetallic core–shell nanoparticles.

Basically, it requires the deposition of one metal element (B)

on pre-synthesized monometallic nanoparticles of another

metal (A), called seeds in some cases. However, if the difference

in redox potentials of the two metals is small, they could form

metal A-rich core @metal B-rich shell structured bimetallic

nanoparticles instead of a nanoparticle consisting of a pure

metal A core and a pure metal B shell. This is because metal ions

of metal B could oxidize metal atom A (A0) of the core to

produce metal atom B (B0) and metal ion An+. Then, metal

atoms Bwill deposit on nanoparticles of metal A (Fig. 1b2). The

newly formed An+ in the solution will be reduced to form metal

atom A and deposit on the atomic layer B (Fig. 1b3).

In addition, different amounts of metal ions An+ could be

‘re-reduced to metal atoms A (A0) by reducing agent during the

reduction of metal ions Bm+ into metal atoms B0. To some

extent, metals A and B form an alloy in the shell of the

nanoparticles. Fig. 1b schematically shows the process of a

successive reduction in the synthesis of bimetallic nanoparticles

with wet chemistry.

Different from the reduction of metal ions using a reducing

agent, electrochemical reduction can form metal atoms from

bulk materials directly at room temperature.35,36 Typically, a

bimetallic bulk material (A1�xBx) is used as an anode and Pt is

used as a cathode. It includes two processes: oxidation of the

anode to generate two types of metal ions, and then reduction

by electrons produced from the Pt cathode through reduction.

Surface surfactant is added to an electrochemical cell to

prevent the formed metal atoms from aggregation in the

electrolyte during the formation of a bimetallic nanoparticle.

Reduction of a double complex is another method to

synthesize bimetallic nanoparticles.36,37 The two metal ions

in a double complex are reduced simultaneously. The size of

the formed bimetallic nanoparticles is determined by the

concentration of the double complex. A challenge in the use
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of this method is the availability of a double complex. Only a

limited number of double complexes are available.

Other than these wet chemistry methods, dry chemistry,

mostly an e-beam evaporation followed by a vacuum deposition

on a substrate can form bimetallic nanoclusters on the support.

In most cases, two sources of metals A and B are evaporated

simultaneously or successively to form bimetallic nanoclusters

with different compositions and structures. Alternatively, metal

A can be deposited on a substrate of the oxide of metal B. A

subsequent reduction will form a bimetallic catalyst. As this

method does not use any organic solvent or surfactant, the

surfaces of bimetallic nanoparticles prepared with this method

are clean. One advantage is that these methods can be used to

grow bimetallic nanoclusters on any substrates,38 which offers

the opportunity of studying the effects of support materials in

catalysis. Another advantage of dry chemistry preparation is

the universal feasibility of the preparation of any bimetallic

nanoclusters since the growth kinetics are much more straight-

forward without a strong dependence on the types of metals.

3. Techniques to study restructuring

Catalysis, essentially a surface property of catalytic materials,

results from one to several atomic layers on or below a surface.

Most heterogeneous catalytic reactions are performed on catalyst

surfaces at a temperature higher than room temperature at

solid–gas or solid–liquid interfaces in gaseous or liquid environ-

ments, respectively. Due to the high surface free energy, under-

coordinated chemical environments of surface atoms, thermal

diffusion of atoms in the surface region, and binding of reactant

molecules and/or dissociated species, the surface structure of a

catalyst is highly dynamic.19 Typically, an entity of one or more

under-coordinated surface atoms are active for catalysis. It is

critical but challenging to identify the authentic surface chemistry

and structure under reaction conditions during catalysis (phase B

in Fig. 2) due to technical barriers.

3.1 Ambient pressure techniques studying surface chemistry of

catalysts

To study the surface chemistry of catalysts at near ambient

pressure conditions, vibrational spectroscopies can track

vibrational signatures of adsorbates and sometimes substrates

such as some oxide catalysts. In situ and operando studies of

surface structure and chemistry of catalysts (surface coordina-

tion, oxidation state, atomic arrangement) have been an

under-represented component in operando studies until recent

years. Synchrotron-based ambient pressure XPS (AP-XPS)

technique invented by Berkeley scientists in 2002 has made

the study of surfaces at a near ambient pressure conditions

possible.17,39 The feature of this AP-XPS is the use of focusing

lenses which increase the collection rate of photoelectrons

escaping from an aperture. The aperture is used to separate

the near ambient pressure reaction environment and vacuum

environment. The distance between the surface of a sample

and aperture is in the range of the mean free path of photo-

electrons in the Torr pressure range. Later on, a new synchrotron-

based ambient pressure XPS was installed on beam 9.3.2 by Liu

and co-workers.40 So far the AP-XPS technique has been available

in a few synchrotron centers around the world. It is has been one

of the main techniques characterizing surface chemistry (surface

composition, oxidation state, and electronic state) of catalysts

under reaction conditions and during catalysis.

Fig. 3 schematically shows an AP-XPS system invented in

2002.39 An important idea implemented in ambient pressure

XPS technique39 is the short distance between a sample surface

and the small aperture which separates the ambient environ-

ment of the catalysts and the vacuum environment of the

energy analyzer. The distance is approximately kept at the

length of the mean free path of photoelectrons in gases with

certain pressure. For example, it is about a couple of mm for

Fig. 1 Two typical approaches to the synthesis of bimetallic nanoparticles.

Fig. 2 Evolution of phase of a heterogeneous catalyst before catalysis,

during catalysis, and after catalysis.

Fig. 3 Schematic of ambient pressure X-ray photoelectron spectro-

scopy (AP-XPS). (Reproduced from ref. 17.)
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photoelectrons of 400 eV in 1 Torr of nitrogen.17 Upon

escaping from the gas environment between a sample surface

and an aperture, the photoelectrons will travel in the pre-lens

vacuum (B10�4 Torr). Focusing lenses are installed at the

differential pumping stages which increase the collection rate

of photoelectrons before entering the energy analyzer.15,39,41

3.2 Ambient pressure analytical techniques studying surface

structures of catalysts

A single event of heterogeneous catalysis is performed on a

catalytic site consisting of one, two, or more atoms. These sites

could have different atomic arrangements and electronic

states. The surface of a catalyst particle, typical the smallest

crystallite with a size of 1–100 nm could be quite hetero-

geneous since the fraction of atoms at corners and edges is not

negligible at the nanoscale. This fraction is increased with a

decrease in the size of catalyst crystallites. Notably, atoms at a

corner or on the edges have a lower coordination number than

atoms on the terrace. Typically, atoms at step edges have a

larger adsorption energy in contrast to atoms on a terrace.

Thus, many reactant molecules are preferentially adsorbed on

an edge or corner or other defect sites. More importantly,

the surface structure of these under-coordinated sites could

experience significant changes at the high temperatures of

catalysts in high pressures of reactants in contrast to that

as-synthesized. In terms of the temperature factor, the increased

mobility largely increases the opportunity of rearrangement of

atoms on surfaces. Temperature has much larger impact on

under-coordinated atoms compared to atoms on a terrace.42

Pressure of reactants is another factor; the increased contribu-

tion of entropy at higher pressure could potentially change the

DG of a surface and thus restructure the surface at a high

pressure. In addition, one factor playing an important role in

restructuring is the reaction between surface atoms of a catalyst

and reactant molecules or dissociated species. Such a reaction

could change surface structure or form a completely new phase

under reaction conditions. Thus, surface structure at the atomic

level under reaction conditions or during catalysis is a critical

parameter in understanding catalysis toward the design of new

catalysts.

Surface structure of bimetallic model catalysts such as

bimetallic nanoclusters prepared by e-beam evaporation and

deposition can be visualized with STM under reaction condi-

tions or during catalysis. In many cases, STM is used to study

surface structure at low temperatures in UHV. In these

applications, the tunneling junction is under an ultrahigh

vacuum environment. Electrons are directly tunneled through

the vacuum junction. As the tunneling junction is in the range

of a few angstroms, the existence of a couple or a few layers

of floating molecules (randomly distributed) does not weaken

the capability of identification of surface structure at an

atom scale.

Development of STM instrumentation with the goal of

bridging the pressure gap has been done in several groups.43–46

Many of them implemented the strategy of filling gases into

chambers with different sizes.19,47,48 Recently, an ambient

pressure high temperature STM (APHT-STM) with a flowing

cell has became available.49 This APHT-STM has the capability

of visualizing surface structures at a temperature of 300 1C in a

gaseous environment up to 50 Torr.

X-Ray absorption and the related techniques are important

techniques used to explore bimetallic catalysts during catalysis

under reaction conditions. One of their unique functions is to

identify coordination number and oxidation state of metal

atoms of a catalyst. They have been developed in the past two

decades.50,51 A review of applications of this technique to the

studies of bimetallic nanoparticles will be given elsewhere in

this themed issue. Thus, the principle of this application will

not be repeated here.

Other than these techniques briefly described above, environ-

mental TEM (ETEM) has been one of the most powerful

techniques for studying structures and compositions of catalysts

under reaction conditions or during catalysis.22,52–56

4. Restructuring under reaction conditions at

solid–gas interfaces

Segregation of atoms of element A from bimetallic catalysts

AxB1�x was demonstrated early in the vacuum surface sciences

and catalysis.57–59 The driving forces from the point of view of

thermodynamics are the different surface energies of the two

metals (A and B) and/or the different adsorption energies of

molecules on atoms of the two metals. In a UHV environment,

the surface energy of atoms is the only driving force if there is

no adsorbate. In most cases, the segregation is not kinetically

favorable at room temperature; thus annealing bimetallic

materials to high temperature can accelerate the segregation,

forming a surface layer with a quite different composition in

contrast to deep layers of this bimetallic material. Thus,

annealing in UHV could promote the segregation of atoms

of a metal with low surface energy from deep layers to the

surface. The surface composition after annealing is different

than that before annealing. This is actually the segregation of

bimetallic catalysts without adsorption in UHV. However,

recent studies showed the compositions at both a surface

region and the ‘‘bulk’’ of these bimetallic materials are quite

different from those before annealing if the metal is on the

nanoscale. A massive segregation in bimetallic nanoparticles.

In the vacuum surface science approach, typically reactant

molecules are introduced to the surface of a bimetallic material

(a bulk single crystal or nanoparticle) by exposing the surface

to certain pressures of the reactant gases such as CO or H2

(typically lower than 10�7 Torr) for a certain amount of time.

Typically, the experiments are performed at room temperature.

Thus, a chemisorbed layer of reactant molecules is formed on the

surface of a bimetallic catalyst. After a certain amount of time,

the reactant gas is purged to restore the UHV environment

necessary for UHV-based surface analytical techniques such

as vacuum XPS. As the reactant gas only forms a static

sub-monolayer or a monolayer of adsorbates on the surface,

the factor of adsorption energy could not play a major role in

the restructuring. Thus, the segregation or restructuring of

bimetallic catalysts in UHV is mainly driven by the factor

of the surface energy of the two elements even though a layer

of adsorbates is formed.

In the case of bimetallic catalysts under reaction conditions

or during catalysis the segregation of bimetallic nanoparticles
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is much more vigorous. It is typically called restructuring of

bimetallic nanoparticles instead of segregation. Certainly, the

different surface free energy of the two metals is one of the

factors. However, the continuous supply of reactant molecules

in an environment of reactant gases at a relatively high

pressure and the large mobility of atoms at a relatively high

temperature typically make the restructuring extensive.5,7 The

high temperature of catalysts provides sufficient energy to

atoms of the subsurface to migrate to the topmost surface

layer through a thermal diffusion. If the reactant molecules

preferentially bind to atoms of metal A or B, the atoms (A or B)

with the higher binding energy in the topmost surface layer will

segregate to the surface. For a bulk crystal of a bimetallic

catalyst, the migration of metal atoms from subsurface or

deeper layer to the topmost layer is challenging. In this case,

a high temperature is required. As the source of adsorbates is

infinite during catalysis and thermal diffusion at high tempera-

ture is enhanced, the segregation of atoms to the surface under

reaction conditions or during catalysis is continuous.

For bimetallic nanoparticles with size at nanometres, the

fraction of under-coordinated metal atoms including atoms at

a corner or on a step edge is much larger than that of a bulk

bimetallic catalyst. These under-coordinated atoms typically

experience a high mobility. Thus, the subsurface atoms of

bimetallic nanoparticles can segregate to the surface through

the atoms at corners or edges even though reactant molecules

have bound to these low-coordinated atoms. Thus, with a

relatively low diffusion barrier the surface metal atoms in

deeper layers can continuously segregate. For example, atoms

of element A continuously segregate to the surface and

immediately bond with the reactant molecules. Notably, thermal

diffusion at high temperature will allow fresh atoms of deep

layers to segregate to the surface. Then, these metal atoms in the

surface layer will chemisorb molecules or intermediates. As the

segregation is a continuous process during catalysis or under

reaction conditions, the surface layer with bonded adsorbates

(such as oxide) will be replaced by fresh atoms of deeper layers.

Eventually, a new thick surface region consisting of atoms of

element A binding to the reactant molecules will be formed. This

process forms an element A-rich surface region and an element-B

rich core region. This restructuring is more dramatic in contrast

to the segregation of bimetallic catalysts in UHV since the

segregation under reaction conditions is typically a continuous

process. We term it massive restructuring of bimetallic nano-

catalysts under reaction conditions or during catalysis.

4.1 Rh–Pd

The restructuring of rhodium and palladium bimetallic nano-

particles under reaction conditions was studied using AP-XPS.5,7

Rh0.5Pd0.5 bimetallic nanoparticles with diameters of 15 � 1 nm

were synthesized with a colloidal chemistry method and deposited

on a silica layer of a silicon wafer. Depth-profile analysis using

X-ray energies of 1486.6 eV (Al Ka), 850 eV, and 645 eV

corresponding to inelastic mean free paths (IMFP) of approxi-

mately 1.6, 1.0, and 0.7 nm for photoelectrons of Rh3d and Pd3d,

respectively, were performed. A Rh-rich shell and Pd-rich core

were identified. In the surface region of B0.7 nm, the atomic

fraction of Rh is 97% (Fig. 4a).

The surface composition and chemical state of Rh0.5Pd0.5
bimetallic nanoparticles were investigated under oxidizing

(100 mtorr NO or O2), catalytic (100 mtorr NO and 100 mtorr

CO), and reducing (100 mtorr CO or H2) conditions using a

synchrotron-based AP-XPS. The surface composition

obtained with an X-ray energy of 645 eV, which corresponds

to a 0.7 nm IMFP of Rh 3d and Pd 3d, represents the

composition and chemical state changes in the shell region.

Fig. 4b presents the atomic fractions of Rh and Pd of the

Rh0.5Pd0.5 bimetallic nanoparticles under different reaction

conditions. There is no obvious difference in surface composi-

tion of Rh and Pd between particles in oxidation conditions

and those of the as-synthesized. This is because the reflux at

220 1C in the solvent PVP during synthesis followed by

exposure to the ambient environment made the surface region

of the bimetallic nanoparticles oxidized. A notable change in

surface composition upon switching the reaction conditions to

reducing environments (H2 or CO at 300 1C) was revealed

using AP-XPS (Fig. 4b). In this restructuring, the atomic

fraction of Rh in the shell region decreased to 46% and Rh

reduced to metallic atoms (lower panel of Fig. 4b). Palladium

actually experienced the opposite change. The atomic fraction

of Pd increased in oxidizing gases. It shows Pd atoms segregate

to the surface region. The change in the surface composition of

the bimetallic nanoparticles and the reducing of metal oxide

and oxidation of metal resulting from changing of reactant

gases is called reaction-driven restructuring of bimetallic

nanoparticles.5,18,26,27,60

When the reactant is changed to NO, the atomic fraction of

rhodium in the surface region increased by 40%. The significant

increase in the atomic fraction of rhodium in the surface region

clearly shows that the restructuring is performed in a surface

region thicker than the sampling depth. A following study of the

restructuring behavior of Rh–Pd bimetallic foil61,62 shows a

restructuring to a lesser extent compared to Rh0.5Pd0.5 bimetallic

NPs. The difference in restructuring behavior between bimetallic

nanocatalysts and bimetallic foil suggests a difference in the

Fig. 4 (a) Surface structure of as-synthesized Rh0.5Pd0.5 and

(b) evolution of atomic fractions of rhodium and palladium in the

surface region (upper panel) and fraction of oxide in the total amount

of metal and oxide (lower panel) (l = B0.7–1.0 nm) under different

reaction conditions (reducing gases or oxidizing gases at 300 1C). XPS

spectra were collected when the reactant gases were present and

reactions were going on. (Reproduced from ref. 5.)
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depth of restructuring. As the fraction of atoms at edges and

corners of nanoparticles is much larger than that in foil, under-

coordinated atoms at corners and edges accelerate the segre-

gation of atoms from deeper layers and migration of metal

atoms in top surface layers to deep layers. A similar difference

in the behavior of restructuring was revealed in Pd–Au

nanoparticles4 and Pd–Au single crystals.16,63–65

4.2 Rh–Pt

Rh–Pt are important catalysts in environmental remediation

and energy conversion.1 Similar to the investigation of

RhxPd1�x bimetallic nanoparticles, XPS depth profile studies

using X-ray energies of 645, 850, and 1486.6 eV for Rh 3d and

350, 600, and 1486.6 eV for Pt 4f were performed.7 The depth

dependence of the atomic percentage of Rh and Pt in the

RhxPt1�x bimetallic nanoparticles is much weaker than that in

the RhxPd1�x case, indicating that the RhxPt1�x bimetallic

nanoparticles are intermetallic instead of a core–shell structure.

The restructuring process in the surface region of RhxPt1�x
bimetallic nanoparticles under reaction conditions was studied

in oxidizing (NO) or reducing (CO or H2) conditions at 300 1C

using AP-XPS (Fig. 5a). RhxPt1�x bimetallic nanoparticles were

restructured (even if they are an alloy instead of core–shell

structures) when switching the surrounding reactant gas between

reducing and oxidizing gases. Rh segregates to the surface of

nanoparticles and is oxidized under the oxidizing conditions at

300 1C.

The restructuring of RhxPt1�x can be rationalized by two

factors: adsorption energy of molecules or dissociated species

and surface energy of metal atoms. In a reducing environment

such as H2, Pt has a low surface energy compared to Rh; thus Pt

preferentially segregates to the surface. However, in an oxidizing

environment, the adsorption energy of oxygen atoms on Rh is

actually larger than that on Pt; thus surface Rh can be preferen-

tially oxidized and even Rh atoms in deep layers continuously

segregate to the surface and are then oxidized. The Rh metal in

the surface region is continuously replaced with the formed RhOx

thus a thick RhOx surface shell is formed.

The understanding of the driving force for surface restruc-

turing of bimetallic nanoparticle catalysts under reaction

conditions is of great value for predicting the surface structure

of bimetallic catalysts under reaction conditions during catalysis.

In fact, the above two factors can also rationalize the absence

of change in the surface composition of Pd0.5Pt0.5 bimetallic

nanoparticles (Fig. 5b) even though the oxidation state of Pd is

changed in oxidizing environments compared to reducing

ones. Under a reducing environment of CO or CO + NO,

both Pd and Pt exist in a metallic state. Pd and Pt have a

similar adsorption energy for CO. However, Pd has a low

surface energy in contrast to Pt. Thus, Pd preferentially

segregates to the surface. In the reactant NO, NO dissociates

into nitrogen or oxygen atoms. As the binding energy of

oxygen atoms on Pd atoms is larger than that on Pt, Pd

preferentially remains in the surface region in the format of

PdOx in oxidizing environments. Overall, atomic fractions of

Pd and Pt do not change when the reactant gas is changed

from CO or H2 to NO or O2. But their oxidation state is

changed alternatively.

4.3 Pd–Ag

A fundamental study of surface composition and oxidation

state of Pd–Ag is critical since Pd–Ag and other Pd-based

bimetallics are important catalysts in the hydrogenation of

unsaturated hydrocarbons.1 Kitchin et al. used an ab initio

atomistic thermodynamic approach to study the Ag3Pd alloy in

an O2 environment.66 The surface free energy of Ag-rich or

Pd-rich Ag3Pd(111) in equilibrium with oxygen as a function of

the oxygen chemical potential was calculated (Fig. 6). In UHV

conditions more Ag is present on the surface in contrast to that

in the bulk, resulting from a low surface free energy of Ag.

Fig. 5 Evolution of atomic fractions of constituent elements in the

surface region (l = B0.7–1.0 nm) under different reaction conditions

(reducing gases or oxidizing gases at 300 1C). XPS spectra were

collected when the reactant gases were present and reactions were

going on. (a) Rh0.5Pt0.5, (b) Pt0.5Pd0.5. (Reproduced from ref. 7.)

Fig. 6 Surface free energy of Ag3Pd(111) in equilibrium with a

Pd-rich Ag3Pd bulk reservoir (a) and Ag-rich Ag3Pd bulk reservoir

(b) as a function of oxygen chemical potential. Each line corresponds

to one of the tested surface configurations, and only the few config-

urations that result as most stable for a range of oxygen chemical

potentials are drawn as dark (red) lines. Additionally shown as insets

are top views of the most stable surface configurations with adsorbed

O atoms shown as small (red) circles, Ag atoms as white circles, and Pd

atoms as grey circles. The dependence on the oxygen chemical

potential is translated into pressure scales using: mO2
ðgasÞðT ; pO2

Þ ¼
EO2
ðgasÞtotal þ 2DmoðT ; poÞ þ kBT ln

pO2
po

� �
for T = 300 K and T =

600 K (upper x axes).66 (From ref. 66.)
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There is a competition between the segregation of metal

atoms with a lower surface free energy to decrease the total

surface free energy and the pinning of atoms which bind to

reactant molecules or dissociated species strongly. As the

chemical potential of oxygen is increased, the adsorption

energy of oxygen atoms plays an important role. The two

opposite factors compete here. The calculation showed that

the adsorption of oxygen drives the segregation of Pd to the

surfaces, increasing the Pd concentration in the first two

layers.

As Pd–Ag is an active catalyst in the hydrogenation of

unsaturated hydrocarbons, fundamental studies of surface

restructuring of Pd–Ag in H2 is important. Pd–Ag bimetallic

catalysts exhibit surface segregation in H2. Pd surface segregation

is performed on the high hydrogen pressure side of a PdAg

membrane.67 Neyman et al. theoretically studied the surface

structure of a Pd0.8Ag0.2 alloy and predicted its modification in

the presence of atomic hydrogen.68 In the absence of adsorbates

in UHV, the surface is predicted to expose mostly silver atoms,

due to the low surface free energy of Ag. In the presence of H2,

Pd progressively separated to the surface and thus restructured.

With the increase of surface coverage of hydrogen, the termina-

tion of Pd atoms with hydrogen atoms compensated for the

energy gain resulting from the presence of Ag atoms on the

surface due to its low surface energy. Thus, surface segregation

of Ag atoms was largely prevented in the environment of H2.

Notably, as Ag atoms are located at the sub-surface, the

propensity of H atoms to accommodate interstitial sites of

Pd below the surface vanishes. Thus, in the environment of

hydrogen, Pd atoms are preferentially exposed in the topmost

surface layer of Pd–Ag bimetallic catalysts.

4.4 Pd–Au

Pd–Au is active for many catalytic reactions such as CO

oxidation and synthesis of vinyl acetate.16 Restructuring of the

PdxAu1�x bimetallic nanoparticle system during CO oxidation

was studied using AP-XPS.4 Both STEM/EDS phase mapping

of single nanoparticles and XPS depth profiles indicate that

the as-synthesized PdxAu1�x (x = 0.25, 0.5, 0.75) bimetallic

nanoparticles have core–shell structures with Pd-rich shells and

Au-rich cores.With the increase in Au percentage, the Au core size

increases while the thickness of the Pd shell decreases. AP-XPS

studies show that the surface compositions and oxidation states of

Pd0.75Au0.25 and Pd0.5Au0.5 nanoparticles at 200 1C in CO oxida-

tion are similar to that in vacuum (Fig. 7a and b).

For Pd0.25Au0.75 nanoparticles in CO oxidation, the factor

of surface energy plays a major role. The lower surface energy

of Au results in a Au-rich surface. This restructuring is

irreversible due to more energy gained from segregation of

Au atoms from deep layers since the overall fraction of Au in a

single NP is high. Although the adsorption of CO on Pd can

decrease surface energy, the gained energy through adsorption

is not enough to compensate for the decreased energy in

segregation of Au due to a low adsorption energy of CO on

Pd atoms coordinating with Au in Au-rich surface in contrast

to CO on a Pd atom coordinating with all Pd atoms.

The catalytic studies of those PdxAu1�x bimetallic nano-

particles for CO/O2 reactions show a ‘synergistic effect’ for the

plots of turnover rates versus the surface composition. All

bimetallic nanoparticles have higher turnover rates than

monometallic Au or Pd nanoparticles. Notably, the Pd-deficient

surface (Pd0.25Au0.75) exhibits a relatively low TOF; it probably

results from low binding energy of CO since the Au atoms have

an electron density that is more extended.69,70 Another reason

could be the absence of a Pd pair site for O2 dissociation on a

Pd-deficient surface.

In contrast to PdxAu1�x nanoparticles, the surface chemistry

of Au–Pd bimetallic catalysts in CO oxidation was studied on a

AuPd(100) single crystal.71–76 Different than PdxAu1�x bimetallic

nanoparticles dispersed on silica, there is no support for

AuPd(100) single crystals. The low fraction of Pd in the top

surface layer is not active for CO oxidation. However, the high

pressure of reactants promotes the segregation of Pd to the

surface. This is related to the high coverage of CO and O at

high pressure. The segregation of Pd on AuPd(100) is dependent

on the coverage of oxygen atoms. A minimum coverage of 1/3 is

necessary to initialize the surface segregation of Pd. Interestingly,

once segregated to the surface, Pd atoms do not have the

tendency to form clusters due to weak interactions.77

Catalysis studies showed there is a correlation between the

presence of contiguous Pd sites (a pair of Pd monomers) and

the reactivity. The formed continuous Pd sites respond for O2

dissociation. Both Au and Pd atoms on the AuPd(100) surface

can adsorb CO molecules. However, the adsorption energy on

AuPd(100) is lower than that on a monometallic Pd surface.

Sites of Pd atoms in the topmost surface are more active for

CO oxidation with a low activation energy in contrast to a

pure Pd catalyst. One of the reasons is the lower binding

energy of CO on Pd atoms which minimizes the CO inhibition.

In contrast to the restructuring of Pd–Au bimetallic single

crystal model catalysts, the amount of segregated Au or Pd of

AuxPd1�x bimetallic nanoparticles is larger.4 A low pressure

of 0.1 Torr of reactant gas can restructure the surface of

bimetallic nanoparticles significantly.4 This is consistent with

the difference in segregation between RhxPd1�x bimetallic

nanocatalysts5,7 and RhxPd1�x bimetallic film78 reviewed in

section 4.1. For a metal nanoparticle, there is a large fraction of

metal atoms with lower coordination numbers at the corners or

on the edges in contrast to that of metal crystals or thin films.

The under-coordinated Pd atoms in the topmost surface of

bimetallic NPs provide the ‘‘special’’ sites of restructuring.

Fig. 7 Atomic fractions of gold and palladium in the surface region

of Au0.25Pd0.75 (a), Au0.5Pd0.5 (b) and Au0.75Pd0.25 (c) under different

reaction conditions. The atomic fractions were measured with

AP-XPS which sampled photoelectrons from Au 4f and Pd 3d levels

with a kinetic energy of 380 eV.4 (From ref. 4.)
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These special sites make the segregation significant due to a low

segregation barrier at these sites.

4.5 Pd–Cu

Segregation of Pd0.5Cu0.5(110) single crystal in UHV was studied79

using amedium-energy ion scattering, a surface analytical technique

with the unique ability to provide information on surface

composition with depth resolution at the level of atomic layer

for crystalline materials. Adsorption of hydrocarbons or

hydrogen induces Pd segregation in Pd catalysts significantly

when alloyed with elements like Cu, Ag or Au. In fact, for a

molecule with strong electronegative functional groups such as

trichloroethene, a reverse segregation could occur. For example,

upon adsorption of trichloroethene, Cu is segregated and the first

three layers become rich in Cu due to the relatively electropositive

3d metal compared to Pd.79

A similar behavior of restructuring was observed on

PdxCu1�x nanoparticles supported on zeolite. The structure

and chemistry of PdxCu1�x bimetallic nanoparticles were

explored by using XANES and FTIR under reaction conditions

of CO hydrogenation.80 The alloy phase of PdxCu1�x nano-

particles formed under the reaction conditions is in fact disordered.

FTIR studies suggest the adsorption of CO and H2 induces a

segregation of Pd atoms to the surface under high pressure reaction

conditions. Meanwhile, the formation and deposition of copper

carbonyl during CO hydrogenation were revealed by FTIR.

Although Pd continuously segregates to the surface in CO, the

fraction of Pd with three-fold sites actually decreases as a function

of time in the mixture of H2 and CO.

4.6 Pd–Zn

In the middle of the 1990s, Pd supported on ZnO was

demonstrated as a potential catalyst to generate H2 frommethanol

without or with a limited amount of CO produced.81,82 The ZnO

supported Pd turns the methanol steam reforming to the

production of CO2 and H2 instead of a direct decomposition

into CO and H2 on Pd supported on an inert support such as

silica. An active phase of Pd alloying Zn was suggested on the

basis of its catalytic behavior.82 X-Ray absorption spectroscopy

confirmed the formation of Pd–Zn alloy during catalysis.83 The

on-line measurement of catalytic performance suggested that the

Pd–Zn alloy is the active phase for methanol steam reforming.14,83

In situ AP-XPS studies confirmed that the active phase is the

Pd–Zn alloy (Fig. 8) formed under the reaction conditions of

methanol steam reforming.15,84 The formation of Pd–Zn inter-

metallics during catalysis was identified. It results from the

reduction of ZnO by hydrogen under the reaction conditions

since H2 is the major product. The hydrogen was produced in the

early step of methanol decomposition on Pd. Hydrogen atoms

spillover to ZnO and thus reduce ZnO to metal Zn which alloys

with Pd atoms to form Pd–Zn intermetallics (Fig. 8c).

Notably, the Pd–Zn alloy de-alloys in an environment of

oxygen. The formation and dealloying of Pd–Zn bimetallics

are reversible in reducing and oxidizing environments, respectively.

In addition, in situ studies showed the thickness of the Pd–Zn alloy

increases with the reduction time. Interestingly, the thick PdZn

intermetallic exhibited high selectivity for the production of CO2 in

contrast to the monolayer Pd–Zn layer which is active for the

production of CO and H2 though they have identical atomic

fractions. This is illustrated in Fig. 8d.14 This difference

suggests the electronic density of a monolayer of Pd–Zn

formed on Pd is quite different than that of thick Pd–Zn alloy.

4.7 Ag–Cu

Ag is an important catalyst for epoxidation of ethylene. This

reaction could produce ethylene oxide which is the ideal product,

along with the thermodynamically favorable by-product acet-

aldehyde. Alloying Ag with a small atomic fraction of Cu improves

the selectivity to ethylene oxide significantly.85–87 First principle

computation88–90 and ambient pressure XPS studies88 revealed

that the surface composition and chemistry of the Ag–Cu cata-

lysts are in a state of non-equilibrium during catalysis. Thus, the

authentic composition is dependent on the specific reaction

conditions. Fig. 9 is the calculated surface phase diagram of

Ag–Cu in the mixture of O2 and C2H4.
88 The predicted surface

phase was confirmed experimentally.88

In an oxygen environment, Cu segregates to the topmost

layers due to the stronger Cu–O bond in contrast to Ag–O

(top-right in Fig. 9). Thus, a thin copper oxide layer is formed.

Coexistence of a thin copper oxide layer at the surface of the

alloy was suggested in the mixture of C2H4 and O2 under

reaction conditions. The observation of oxidized Cu suggested

the enhanced catalytic selectivity results from the involvement

of oxygen atoms of CuO formed on the surface during the

catalysis.

4.8 Ag–Au

Ag–Au alloy nanoparticles supported on mesoporous silicate

show exceptionally high activity on CO oxidation which was

comparable to the most active catalyst, Au–TiO2. The solution

of Au–Ag bimetallic nanoparticles was mixed with a sodium

aluminosilicate solution and followed with a hydrothermal

reaction. No detection of metallic Ag on the Ag@MCM

shows that the calcination leads to a complete conversion of

metallic Ag to AgBr. For the Ag–Au bimetallic nanoparticles,

complete phase segregation occurred during calcination,

resulting in the formation of Au and AgBr. This is confirmed

Fig. 8 Photoemission features of PdZn catalyst studies with ambient

pressure photoelectron spectroscopy taken during methanol steam

reforming on the PdZn 1 : 1 multilayer (red curves) and monolayer

alloy (blue curves). (a) Pd 3d, (b) Zn 3d, and (c) valence-band (VB). (d)

Left panel p(2 � 1) surface structure of the 1 : 1 multilayer PdZn alloy

on Pd(1 1 1). Right panel: side view of the multilayer PdZn alloy with

likely surface intermediates reacting toward CO2.
15 (From ref. 15.)
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by the chemical state of Ag in the calcined samples (+1), while

Au remains in metallic form. The surface concentration of Au

and Ag fromXPS results shows the calcined sample has a Ag-rich

surface. Au L3 edge EXAFS spectra of all Au–Ag/MCM catalyst

shows the same feature as pure Au@MCM, indicating the nearest

neighboring atom is Au instead of Ag. It is clear that the Au–Ag

alloy nanoparticles restructured into a Au@AgBr structure upon

calcination. These calcined samples of Au–AgBr did not exhibit

any catalytic activity for CO oxidation as expected. A subsequent

high temperature hydrogen reducing pretreatment up to 700 1C

leads to high catalytic activity in CO oxidation. Catalysts that

experienced a reduction treatment between 550 and 600 1C have

the highest activity in CO oxidation. XPS studies of catalysts after

reduction confirmed the reduction of Ag+ to metallic Ag and the

removal of Br� ions. The EXAFS studies confirmed that the

restructuring was performed during reduction with H2. Both Au

L3 edge and Ag K edge EXAFS spectra of reduced samples

varied with different Au–Ag ratios, indicating the formation

Au–Ag alloy.

4.9 Au–Cu

The chemistry and structure of AuCu bimetallic nanoparticles

supported on SBA-15 were studied using multiple in situ

techniques (XRD, FT-IR, XANES).91 Au–Cu catalysts are

highly active in CO oxidation below room temperature. An

as-prepared Au–Cu nanoparticle is made up of a gold core

decorated with CuO patches.91 During the activation in a

reducing gas, the CuO patches away from the interface

between the catalyst particles and SBA-15 support were

reduced to metallic Cu and migrated into the core. In fact,

an intermetallic phase Au3Cu1 was formed during this

pretreatment. The CuO at the interface was reduced to a

Cu2O phase acting as a ‘‘nanosticky’’ between the metallic

phase and the surface of the SBA-15 support. The Cu2O

stabilizes the metallic particles, which explains the absence of

aggregation of metal nanoparticles at a high temperature. This

actually also rationalizes the preservation of size of Rh–Pd and

Au–Pd bimetallic nanoparticles supported on silica even at

300 1C after a reaction at 300 1C in Torr pressure of H2 or CO

for several hours.4,5

Interestingly, during CO oxidation, Cu segregated to the

surface and was oxidized into CuOx patches. This restructuring

resulted in metal-oxide interfaces on each restructured Au–Cu

bimetallic nanoparticle. Au acts as the sites of CO adsorption

and CuOx provides the oxygen atom.

4.10 Au–Ni

Formation of surface alloy is one effective channel to tune

surface composition and therefore catalytic performance.38

One example is the ligand effect of alloyed Au atoms to nickel

atoms. The Au atoms have an electron density that is more

extended than that of the Ni atoms.69,70 When the Au atoms

are alloyed into the Ni surface layer, the Ni atoms next to an

Au atom in the topmost layer experience a higher electron

density or, equivalently, a larger effective coordination num-

ber. It can be considered that the Au atoms alloying with Ni

atoms in the surface layer decreases the Ni surface energy of

Ni atoms.69,70 In fact, the charge transfer between a Au atom

and its coordinating Ni atoms decreases the binding of carbon

atoms to Ni atoms.38 Therefore, binding of carbon atoms on

NixAu1�x is weaker than pure Ni(111). The NixAu1�x can

resist the formation of a coking layer and thus have a longer

life than Ni catalysts.

On the other hand, this surface alloy restructures at high

pressure of CO which is a product of the steam reforming of

CH4. STM studies showed that Ni can bind to CO to form

nickel carbonyl which evaporates at room temperature. The

‘‘etching’’ starts at step edges. Upon the evaporation of

Ni(CO)x, Au islands are formed. The etching rate actually

depends on the pressure of CO. The statistical accounting

reveals the kinetics of the restructuring in the process.92

The thermodynamic factor in this de-alloying is very clear.

Although Au has low surface energy in contrast to Ni, CO

strongly binding to Ni is the main driving force for such a

de-alloying. This study showed that evaporation of a metal in

the formation of carbonyl is actually one potential channel to

de-alloy or restructure a bimetallic surface.

4.11 Pt–Cu

Pt–Cu forms a near surface alloy by deposition of Cu or Pt

followed by an annealing.93,94 Surface restructuring of PtCu

bimetallic nanoparticles (B2 nm) in H2 and CO was studied

using X-ray absorption near edge spectroscopy (XANES),

Fourier transform infrared spectroscopy (FTIR) and pair

distribution function analysis (PDF).93 In an environment of

CO, the Pt of PtCu nanoparticles segregated to the surface and

Cu migrated to the core. This probably results from the larger

Fig. 9 Surface phase diagram for the (111) facet under constrained

thermodynamic equilibrium with oxygen and ethylene. Solid (dot-

dashed) lines represent the stability limit with respect to the formation

of CH3CHO (C2H4O). Each shaded area represents the region of

stability of a combination of two surface structures giving a Cu

coverage of 0.5 ML. The white area is the region of stability of the

clean Ag(111) surface. The dashed polygon corresponds to typical

values of temperature and pressures used in experiments (T =

300–600 K and pO2, pC2H4 = 10�4 to 1 atm). Ag1.2O and Ag1.5O

are 1-layer thin oxide-like structures; CuO and CuO(b) are 1-layer thin

and bulk CuO structures, respectively; p2 and p4-OCu3 are 1-layer

thin Cu2O-like structures with (2 � 2) and (4 � 4) periodicity,

respectively. In the latter, an OCu3 unit is removed.88 (From ref. 88.)

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
K

an
sa

s 
on

 1
0/

11
/2

01
5 

15
:1

2:
39

. 
View Article Online

http://dx.doi.org/10.1039/c2cs35185d


7990 Chem. Soc. Rev., 2012, 41, 7980–7993 This journal is c The Royal Society of Chemistry 2012

adsorption energy of CO on Pt atoms in contrast to Cu atoms.

However, there is a reverse restructuring behavior in H2. At

548 K in H2, Cu segregates and forms a Cu-rich surface region.

In this restructuring, probably the lower surface energy of Cu

plays the major role. The restructuring behavior of 2 nm PtCu

nanoparticles is different from that of PtCu surface alloy

formed on a Pt single crystal.93 For the Pt–Cu surface alloy

formed on Pt single crystals in a CO environment, Cu in the

sub-monolayer segregates to the surface and forms a Pt–Cu

surface layer. This is driven by the stronger binding energy of

CO on Pt coordinating with Cu compared to that on a pure Pt

surface. The fully occupied Cu3d is expected to partially

transfer electrons to the Pt4f, which enhances the back donation

of electrons from Pt to the anti-p bond of a CO molecule.

4.12 Pt–Fe

Pt–Fe forms a surface alloy in a vacuum. The surface chemistry

of PtFe surface alloys experiences changes under reaction

conditions.95 A PtFe surface alloy can be prepared with

physical e-beam evaporation. Fe forms subsurface layers but

Pt is located on the surface as a skin layer. Exposure to O2

results in a surface segregation of Fe and the formation of

FeOx at a rather low pressure of O2 (1 � 10�6 Torr). This

process is reversible. In H2, the FeO can be reduced and

migrates to a subsurface layer. Upon the reduction of the

oxide to Fe, Pt preferentially segregates to the surface since it

has a lower surface energy. DFT calculations showed that (1)

subsurface Fe is thermodynamically more stable in UHV and

H2 environments; and (2) the Fe–O bond is stronger than a

Pt–O bond, consistent with experimental observation. The

reversible restructuring is driven by the stronger Fe–O bond

strength in contrast to that of Pt–O in an oxidizing environment

and the low surface energy of Fe in reducing environments.

4.13 Pt–Co

Pt–Co is an intermetallic which is an important catalyst in

several reactions. Pt and Co exhibit distinct capabilities upon

being oxidized. Restructuring of Pt–Co thin films96 and Pt–Co

nanoparticles were studied. In UHV, they form a Pt–Co

intermetallic. Pt preferentially segregates to the surface in

hydrogen, forming a Pt shell. Pt–Co thin films and nanoparticles

exhibit the same restructuring in H2 (Fig. 10). However, the

restructuring in O2 is different for PtCo nanoparticles (Fig. 10)

and PtCo thin films. Co in Pt–Co nanoparticles96 is oxidized into

CoO; but it is Co3O4 in the PtCo foil.97

4.14 Pt–Ni

Pt can form an alloy with Ni. Being one of the alloys formed

from Pt and 3d metals, Pt segregates to the surface in reducing

environments.98 But in an oxidizing environment, Ni atoms

preferentially form nickel oxide and thus block the segregation

of Pt atoms to the surface.

4.15 Pt–Sn

Pt and Sn can form an alloy. The studies of Pt3Sn alloy

nanoparticles showed these nanoparticles restructure under

reducing (H2) or oxidizing (O2) environments99 in contrast to

that in UHV. Their restructuring in H2 is driven by the low

surface energy of Pt and thus a Pt-rich surface is formed.

However, in an oxidizing environment, Sn can be oxidized to

form an oxide more easily in contrast to Pt. This is due to the

high binding energy of oxygen atoms to Sn.

4.16 Pt–Ru

Pt–Ru is an important system for electrochemical oxidation of

methanol in low-temperature fuel cells. It is impossible to

examine the change in surface composition at the interface of

the electrodes and fuel when such a fuel cell process is being

performed. But fundamental studies of the potential restruc-

turing are important in understanding the structural evolution

during electrocatalysis. In addition, adding a certain amount

of Ru was used to increase the tolerance to CO poisoning.

A computational study using a first-principle-based lattice

gas Hamiltonian in grand-canonical Monte Carlo simulations

was performed (Fig. 11).100 Pt has a lower surface energy than

Ru and is expected to segregate to the surface in UHV.

However, in an oxidizing environment, the surface composition

is quite different. This is because oxygen atoms can strongly

bind to Ru in contrast to Pt, leading to an inversion of the

segregation profile. With the increase of oxygen chemical

potential due to an increase in oxygen pressure, Ru segregates

to the surface gradually if the chemical potential of Ru is low.

Notably, at low oxygen chemical potential Ru segregates to the

Fig. 10 (a) The Pt/Co atomic ratio calculated from the Pt 4f and Co

2p photoelectron peaks as a function of the electron kinetic energy,

measured at 520 K for PtCo NPs in O2 and in H2 and for the PtCo foil

in H2. On the upper x-axis, the estimated average ID for each electron

KE is given. (b) Schematic model illustration of the proposed PtCo

atom arrangement in NPs and foil under oxidative and reductive

environments.96 (From ref. 96.)
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surface in the form of isolated atoms. At higher oxygen

chemical potential, the segregated Ru atoms form nanoclusters

of the Ru atoms; the surface is different. Pt atoms form islands

which are surrounded by oxygen-covered Ru regions.

5. Summary and prospects

Restructuring of surface regions of heterogeneous catalysts under

reaction conditions or during catalysis is a phenomenon realized

decades ago. However, it is certainly an under-represented field

in heterogeneous catalysis due to certain reasons. One of the

reasons is the lack of techniques capable of identifying surface

chemistry and structure of catalysts under reaction conditions or

during catalysis. Due to the availability of ambient pressure

techniques for surface analysis in the past decade, many studies

have been performed using these techniques. Numerous new

chemistries of catalysts under reaction conditions or during

catalysis were revealed. These studies certainly clarified many

uncertainties about the ‘‘magic’’ of catalysis. More importantly,

the identification of authentic surface chemistry and the structure

of the active phase during catalysis offer first-hand insights for

the design and optimization of catalysts. These new chemistries

are encouraging more efforts to be made in this field. We expect

an exciting period in heterogeneous catalysis, with the under-

standing of catalysis through operando and in situ studies of

catalysts toward the design of new catalysts, which is emerging

due to the advance in ambient pressure techniques and the

importance of catalysis in energy conversion.

More than half of heterogeneous catalytic reactions involve

metal particles of various sizes. Formation of various bimetallic

nanoparticles offers infinite opportunities due to the tunability

of the surface structure and chemistry of bimetallic catalysts.

Early applications were made in the early 1980s. Traditionally,

the understanding of mechanisms of bimetallic catalysis is based

on a correlation between surface structure and the chemistry

of the catalysts before a reaction and measured catalytic

performance. Due to different surface energies of metal elements

and different adsorption energies of species on metal atoms, the

surface structure and chemistry in terms of surface composition,

atomic distribution, sites, and oxidation states under reaction

condition are very likely different from those before catalysis or

after catalysis.

Operando and in situ studies of the surface chemistry and

structure of catalysts, particularly bimetallic catalysts, are

probably still at the embryonic stage. We are facing several

challenges. One is the challenge of ambient pressure techni-

ques. Although a few in situ analytical techniques including

AP-XPS, high pressure STM, and environmental TEM are

available, new techniques are required. For example, surface

analytical techniques with a high temporal resolution are

necessary for studies of surface dynamics during catalysis. In

addition, surface sensitive imaging techniques with high temporal

resolution are critical to track dynamic changes in surface

structure during catalysis; surface sensitive spectroscopy with high

spatial resolution is necessary for identifying the evolution of

surface chemistry at a specific location with an accuracy of tens of

nanometres or better. A promising technique is the ambient

pressure XPS imaging technique. In addition, a surface analytic

technique studying surface structure and chemistry at a solid–

liquid interface is required. This is actually very important for

energy conversion processes occurring at solid–liquid interfaces

including generation of hydrogen at the catalyst–water interface,

the interfacial area of electrode materials, electrolyte, and fuel,

and the interface in solar cell processes.

Other than the challenges in experiments and characterization

techniques, how to integrate computational studies into operando

experiments is another challenge. One advantage of computa-

tional studies in catalysis is to screen catalysts on a computer and

provide guidance for designing new catalysts. How computation

studies could predict the surface chemistry and structure of

catalysts under reaction, is challenging. If the prediction can

be done, a direct comparison of the predicted structure and

chemistry of catalysts will allow the exclusion of candidates,

narrow the focus, and thus design catalysts efficiently. One

more challenge is how to integrate the capability and advan-

tage of operando studies into the important catalytic processes

of energy conversion. From the point of view of experiments,

in situ and operando studies can contribute to the catalysis

studies of energy sciences from the following aspects. One is

the in situ and operando studies of the whole process of

catalysis including pretreatment of catalysts, reaction during

catalysis, and deactivation. Another is to build correlation

between the surface chemistry and structure of catalysts of

energy conversion and catalytic performance and energy

efficiency. In addition, it is necessary to develop operando

diagnosis techniques which can examine the energy conversion

devices including fuel cells when energy conversion is being

performed.
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